Introduction {#sec1}
============

Global warming is a major concern in the 21st century, and the search for solutions to this problem requires significant effort. The primary factor for climate change is the continuous increasing concentration of CO~2~ in the Earth's atmosphere. CO~2~ is mostly released into the atmosphere by the combustion of fossil fuels. Consequently, it is crucial to capture CO~2~ to reduce greenhouse gas emissions.^[@ref1],[@ref2]^ Recently, the separation of CO~2~ by adsorption into porous materials has become of interest because other techniques, such as absorption into liquids, are energy intensive and less efficient.^[@ref3],[@ref4]^ The ideal material for postcombustion CO~2~ capture should have the following three properties:^[@ref5]^ (1) a low heat of adsorption, (2) high adsorption capacity and selectivity, and (3) stability in the presence of moisture. Metal--organic frameworks (MOFs) could be suitable adsorbents for CO~2~ because they have large pore volumes and surface areas. MOFs have, thus, become the focus of CO~2~ adsorption research owing to their good stability, porosity, and the ease by which their pore size, pore volume, and surface area can be tailored.^[@ref6],[@ref7]^ Yazaydin et al. reported a comparative study of 14 MOFs for CO~2~ capture from the flue gas,^[@ref8]^ and they showed that the M\\DOBDC series (M = Zn, Mg, Ni, or Co) were the best performing materials for CO~2~ adsorption out of all the MOFs studied in the paper. Keskin et al. carried out a comprehensive review of CO~2~ adsorption in MOFs and compared MOFs based on their heats of adsorption, as well as CO~2~ adsorption capacities and selectivities.^[@ref5]^ However, they stressed that the CO~2~ separation characteristics of MOFs in the presence of moisture and N~2~ must be studied to enable the full potential of MOFs to be exploited. Several studies of CO~2~ adsorption in humid conditions have been reported^[@ref9],[@ref10]^ but reports of this phenomenon in the presence of other flue gas components such as O~2~ are still scarce.

The adsorption of CO~2~ in MOFs can be tuned by the manipulation of their metal cations, organic linkers, and functional groups. There are many reports investigating the effects of changing the metal cations on the MOF properties.^[@ref11]−[@ref16]^ However, there is often no justification for the choice of metal. The systematic synthesis and study of MOFs using every metal in the periodic table would be cumbersome. Fortunately, molecular simulations are an effective tool for screening various metal combinations. Simulations can be used to gain molecular-level insights into the adsorption process and, thus, optimize the MOF structure to maximize the adsorption capacity and selectivity. Further, there is scope to leverage molecular simulations to explore scenarios that cannot be investigated experimentally. For example, Walton et al. proved that the inflection in the CO~2~ adsorption isotherm of IRMOF-1 is because of the electrostatic interactions between CO~2~ molecules.^[@ref17]^ Meanwhile, Yang and Zhong found that electrostatic interactions are responsible for the enhancement in the selectivity of CO~2~ in multicomponent mixtures.^[@ref18]^ These studies serve as a basis for metal atom choice for metal exchange. Many studies have combined molecular simulations with experimental findings to enhance the understanding of the interactions between the MOFs and CO~2~ molecules.^[@ref19]−[@ref21]^

In this work, we studied M-LMOF-202 (M = Be, Ca, Ni, Cu, Zn, and Ba) for CO~2~ adsorption. Zn-LMOF-202 was first reported by Hu et al., who used it to detect low-volatile aliphatic nitro explosives, such as 1,3,5-trinitroperhydro-1,3,5-triazine (RDX).^[@ref22]^ Ma et al. studied both Zn-LMOF-202 and Zn-LMOF-201;^[@ref23]^ both are isostructural but the framework of Zn-LMOF-202 is rigid, whereas that of Zn-LMOF-201 is flexible. They found that the flexibility of LMOF-201 is due to the addition of one oxygen atom to the structure, and this flexibility doubled the amount of CO~2~ adsorbed at saturation compared to that of LMOF-202. Here, we describe an approach to choose the optimum metal to enhance the CO~2~ adsorption capacity. Utilizing Grand Canonical Monte Carlo (GCMC) calculations, we show how the electrostatic and van der Waals interactions affect CO~2~ adsorption in M-LMOF-202. Based on these results, we suggest the most appropriate metal to improve the performance of M-LMOF-202. However, the adsorption capacity is not the sole criterion for the selection of a suitable material for practical use. Industrial CO~2~ separation involves gas mixtures, so it is not sufficient to discuss the adsorption of pure CO~2~, and the material performance in gas mixtures under industrial operating conditions must also be investigated. Thus, we evaluated the performance of M-LMOF-202 for CO~2~ separation from flue gas mixtures. The typical composition of a flue gas generated after the burning of fossil fuels is 70--75% N~2~, 15% CO~2~, 3--4% O~2~, and 5--7% moisture and traces of other species (SO~*x*~ and NO~*x*~).^[@ref24]^ Because the flue gas mostly contains N~2~ and CO~2~, the CO~2~/N~2~ selectivity is the dominant factor and researchers are focusing their efforts to discover new materials which have superior CO~2~/N~2~ selectivity.^[@ref25]−[@ref27]^ The heat of adsorption is also critical in the design of adsorption-based CO~2~ capture systems. Therefore, we have compared the CO~2~/N~2~ selectivity and heats of adsorption for M-LMOF-202 with different metal ions with respect to Zn-LMOF-202 under standard operating conditions (1 bar and 298 K). We have also assessed the impact of O~2~ on the removal of CO~2~.

Results and Discussion {#sec2}
======================

To validate the GCMC simulation parameters, we reproduced the adsorption isotherms using GCMC and compared them with the previously published experimental results.^[@ref23]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b shows a comparison between the experimental CO~2~ and N~2~ adsorption results for Zn-LMOF-202 with those of simulations. The simulation, however, drastically overestimates the experimental capacity.

![Comparison of simulated and experimental isotherms of (a) CO~2~ adsorption at 195 K and (b) N~2~ adsorption at 77 K in Zn-LMOF-202.](ao0c01267_0001){#fig1}

To clarify the reason for the overestimation, we investigated the Zn-LMOF-202 model structure. [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf) shows the Zn-LMOF-202 structure employed in this study (\[Zn~2~(FDC)~2~(bpy)\], where FDC is fluorene-2,7-dicarboxylate and bpy is 4,4′-bipyridine).^[@ref23]^ For comparison, the Zn-LMOF-201 structure (\[Zn~2~(OFDC)~2~(bpy)\], where OFDC is 9-fluore-none-2,7-dicarboxylate)^[@ref23]^ is also shown in the same figure. As mentioned before, the only difference in composition between these two MOFs is one carbonyl oxygen atom. The unit cell volume and free pore volume per unit cell of Zn-LMOF-202 are 12,296 and 6708 Å^3^, respectively, whereas those of Zn-LMOF-201 are 11,256 and 5932 Å^3^, respectively.^[@ref23]^ We also calculated the adsorption isotherm of CO~2~ in Zn-LMOF-201 using the same GCMC scheme by assuming a rigid crystal structure in the same way as that for Zn-LMOF-202. It is noted that this simulation cannot reproduce the experimental adsorption isotherm of CO~2~ in Zn-LMOF-201 in the entire pressure range because this model of Zn-LMOF-201 is rigid but real Zn-LMOF-201 is flexible. However, the adsorbed amount at saturation should be close to each other because the structure at saturation should be similar to the crystal structure. The objective of this simulation is to evaluate the adsorbed amount at saturation by comparing (1) the calculated adsorbed amount at the saturation of the rigid model of Zn-LMOF-201 to the experimental value and (2) the ratio between the calculated adsorbed amount at the saturation of Zn-LMOF-202 and that of Zn-LMOF-201 to the ratio between their free pore volumes per unit cell. [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf) shows the simulated and experimental isotherms of CO~2~ adsorption in Zn-LMOF-201. The calculated adsorbed amount at saturation is close to the experimental one. The density of CO~2~ in the pores of Zn-LMOF-201 at saturation is about 1.1 g cm^--3^, which is practically the same as that of liquid CO~2~ (1.1 g cm^--3^). Furthermore, the ratio between the calculated adsorbed amount at 1 bar of Zn-LMOF-202 and that of Zn-LMOF-201 is 1.16 (=353.8/306.3), which is close to the ratio between their free pore volumes per unit cell of 1.13 (=6708/5932). This result suggests that the rigid model of Zn-LMOF-202 as well as the rigid model of Zn-LMOF-201 can reasonably predict the adsorbed amount at saturation. In the simulations, the crystal structure is assumed to have the bulk, pure structure without any defects, but, experimentally, it is very difficult to synthesize defect-free crystal structures without interfaces between grain boundaries. In particular, in rigid crystals with 1D porous structures, such as Zn-LMOF-202, grain boundaries could critically affect the adsorption properties. For this reason, the calculated adsorption isotherm of CO~2~ in Zn-LMOF-202 is reasonable under the assumption of a defect-free crystal structure although there are still unclear points in the experiment.

To resolve the difference between the simulated and experimental adsorption isotherms, the isotherm is typically scaled by the pore volume scaling factor, which is the ratio of the experimental pore volume to the simulated pore volume.^[@ref28],[@ref29]^ Because the experimental pore volume for Zn-LMOF-202 was 0.224 cm^3^ g^--1^ and the pore volume in simulation was 0.694 cm^3^ g^--1^, we reduced the adsorption loading values obtained from GCMC by a factor of 0.323 (=0.224/0.694). We employed the method proposed by Ongari et al.^[@ref30]^ to calculate the experimental pore volume. After scaling, the adsorption isotherms of CO~2~ and N~2~ obtained from GCMC calculations agreed well with those obtained from experiments as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, respectively. This demonstrates the quantitative consistency of our parameters. Hence, further GCMC calculations were carried out with the same parameters and structures.

To obtain the fundamental insights into the underlying mechanism of CO~2~ adsorption in Zn-LMOF-202, we ran GCMC calculations for three different cases: charged gas atoms and uncharged MOF atoms (case 1), charged MOF atoms and uncharged gas atoms (case 2), and both species charged (case 3). In all cases, the van der Waals interactions were considered for both gas and MOF atoms. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the adsorption isotherm for CO~2~ at 298 K and draws a comparison of the three cases mentioned above. Clearly, the charges on the MOF atoms make little contribution to the adsorption capacity because cases 1 and 3 both predict almost the same isotherm trend. In addition, at pressures ≤ 1 bar, the van der Waals interactions are responsible for adsorption because all cases yield the same isotherm. At 15 bar, case 2 shows lower adsorption than those of cases 1 and 3. This result can be explained as follows, the van der Waals interactions between the MOF and CO~2~ at pressures ≤ 1 bar are the dominant interactions for the initial adsorption, whereas electrostatic interactions between CO~2~ molecules become more prevalent on further adsorption at higher pressures (ca. 15 bar). Thus, we carried out the heat of adsorption analysis at 0.1 bar (partial pressure of CO~2~ in flue gas) and 15 bar because the heat of adsorption can be related to the adsorption capacity. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the individual contribution of each of the interactions to the heat of adsorption. It can be seen that at 0.1 bar, van der Waals interactions are dominant. The electrostatic interactions between MOF and CO~2~ atoms have negligible contribution at both 0.1 and 15 bar. In addition, the contribution of coulombic interactions between CO~2~ molecules is significant at 15 bar. However, to understand the positions of CO~2~ adsorbed on Zn-LMOF-202, we have to analyze not the overall interaction energy between CO~2~ and Zn-LMOF-202 but the local interaction energy. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows a typical adsorption structure of CO~2~ on Zn-LMOF-202 at 10 bar, which was obtained from the GCMC calculations (case 3). This figure clearly shows that each CO~2~ molecule is adsorbed around the six-membered ring of FDC not around Zn. The coulombic interactions of CO~2~ to Zn or the framework atoms are in quite random directions and the van der Waals interactions rotate a CO~2~ molecule outward from Zn. The detailed analytical results of the position of CO~2~ molecules and the interaction energy between CO~2~ and Zn-LMOF-202 are reported in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf) (Figures S3--S5). [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf) shows the snapshots of the GCMC calculation (case 3) on the entire calculation system. These snapshots show that each CO~2~ molecule is adsorbed on the framework at 0.1 bar, whereas some CO~2~ molecules form the cluster with other CO~2~ molecules at 15 bar. These results complement the observed findings.

![(a) Effect of van der Waals and electrostatic interactions on the adsorption isotherms of CO~2~ in Zn-LMOF-202 at 298 K, (b) percentage contribution of individual interactions to the heat of adsorption, and (c) typical adsorption structure of CO~2~ on Zn-LMOF-202 at 10 bar and 298 K. CO~2~ molecule is adsorbed around the six-membered ring of FDC. Structure figure of FDC was created using VESTA software.^[@ref31]^](ao0c01267_0002){#fig2}

These findings help us understand the effects of exchanging the Zn cation in M-LMOF-202 with other cations (Be, Ca, Ni, Cu, and Ba) on the adsorption performance. Note that only Zn-LMOF-202 has been synthesized experimentally. To prepare structures with other metal cations for simulations, we replaced Zn with other metal atoms while leaving all other structural parameters the same. This assumption is valid because it has been reported that the substitution of metals does not have a significant effect on the crystal structure.^[@ref11],[@ref13],[@ref16]^ We also assumed that all the metals have the same divalent oxidation state.^[@ref13]^ The pore volumes and charges on atoms in the MOF for all the metals were calculated separately per the method described in the [Computational Methods](#sec4){ref-type="other"} section. Thus, GCMC calculations were carried out on the metal-exchanged M-LMOF-202 structures to test the effect of the kind of metal on CO~2~ adsorption. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows a comparison of the parameters for different metals and their effect on the CO~2~ adsorption at two different pressures of 0.1 and 15 bar and 298 K.

###### L-J Parameters (ε, σ), Partial Charge (*q*), Pore Volume (*v*), and Adsorbed Amount of CO~2~ at Two Different Pressures of 0.1 bar (*m*~1~) and 15 bar (*m*~2~) and 298 K for Each Metal in the M-LMOF-202 Series

  metal   ε/kB (K)   σ (Å)   q (e)   v (cm^3^ g^--1^)   *m*~1~ (cm^3^ (STP) g^--1^)   *m*~2~ (cm^3^ (STP) g^--1^)
  ------- ---------- ------- ------- ------------------ ----------------------------- -----------------------------
  Be      42.735     2.446   0.48    0.810              6.94                          273.09
  Ca      119.8      3.03    1.73    0.749              7.77                          258.04
  Ni      7.54       2.52    1.05    0.704              6.04                          236.81
  Cu      2.50       3.11    1.02    0.696              5.97                          233.60
  Zn      62.4       2.46    0.46    0.694              5.98                          234.30
  Ba      183.3      3.30    3.12    0.599              9.10                          214.56

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the calculated adsorption isotherms of CO~2~ in M-LMOF-202 at 298 K. Two types of behaviors can be observed from the results. First, at low pressure, when compared with transition metals (Ni, Cu, and Zn); alkaline earth metals (Be, Ca, and Ba) show high adsorption. In this pressure range, CO~2~ molecules are adsorbed on the framework as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. Because the L-J parameters of the atoms in the MOF (except metal) are identical but the partial charges are dependent of the kind of metal, even if the adsorption is mostly dominated by the van der Waals interactions, the difference in the partial charge on atoms in the MOF is responsible for the difference in the adsorbed mass of CO~2~ for different kinds of metals. The adsorbed amount of CO~2~ at 0.1 bar are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. Ba-LMOF-202 has the highest loading despite having the smallest pore volume. The second trend is that, in the high-pressure range (ca. 15 bar), the loading is totally dependent on the pore volume, and, thus, Be-LMOF-202 displays the highest loading. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c shows the described trends.

![(a) Adsorption isotherms of CO~2~ in M-LMOF-202 (M = Be, Ca, Ni, Cu, Zn, and Ba) at 298 K. Loading of each framework at (b) 0.1 bar and (c) 15 bar.](ao0c01267_0003){#fig3}

Because we are investigating the suitability of M-LMOF-202 for CO~2~ separation from flue gas mixtures, we selected Ba-LMOF-202 as the material of choice, as well as a flue gas pressure of 1 bar, for further study. Of the tested metal cations, Ba (Ba-LMOF-202) has already been shown to have a greater CO~2~ adsorption performance at low pressures (≤1 bar) than Zn-LMOF-202. Therefore, the CO~2~/N~2~ selectivity (CO~2~:N~2~ = 15:85) and heat of CO~2~ adsorption for Ba-LMOF-202 compared to those of Zn-LMOF-202 were calculated. The amounts of adsorbed CO~2~ and N~2~ are listed in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf). The selectivity was obtained using the formula *S*~ads~ = (*q*~1~/*q*~2~)/(*y*~1~/*y*~2~), where *q*~*i*~ and *y*~*i*~ are the mole fractions of species *i* in the adsorbed and bulk phases, respectively. As shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, both the selectivity and heat of adsorption are higher for the Ba-containing MOF.

###### CO~2~/N~2~ Selectivity and Heat of CO~2~ Adsorption of Zn-LMOF-202 and Ba-LMOF-202 at 1 bar and 298 K

  metal   CO~2~/N~2~ selectivity   heat of CO~2~ adsorption (kJ/mol)
  ------- ------------------------ -----------------------------------
  Zn      11.2                     20.52
  Ba      17.64                    21.65

Next, the effect of oxygen present in the flue gas was scrutinized. We considered CO~2~ adsorption at different oxygen concentrations. The amount of CO~2~ in the ternary mixture (containing CO~2~, N~2~, and O~2~) was kept constant at 15% with N~2~ balance. The computational result, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, shows that oxygen has no effect on CO~2~ removal.

![Effect of oxygen on CO~2~ adsorption in Zn-LMOF-202 at 298 K.](ao0c01267_0004){#fig4}

Conclusions {#sec3}
===========

In conclusion, we have successfully demonstrated a computational approach to identify the factors responsible for the adsorption of CO~2~ in M-LMOF-202. Through our calculations, first, we determined that the affinity between CO~2~ and the framework of M-LMOF-202 are responsible for adsorption at low pressures (≤1 bar), whereas the pore volume determines the saturation adsorption capacity at high pressures (ca. 15 bar). Based on these observations, the metal ions were changed, and we narrowed the list of potential metals to two: Ba and Be. Ba-LMOF-202 was predicted to be the most promising candidate for CO~2~ adsorption at low pressure (≤1 bar), but this changed to Be-LMOF-202 at high pressure (ca. 15 bar). Subsequently, we selected Ba-LMOF-202 for the simulated removal of CO~2~ from flue gas and found that Ba-LMOF-202 outperforms Zn-LMOF-202 in terms of selectivity and adsorption capacity. However, we also found that the heat of CO~2~ adsorption for Ba-LMOF-202 is higher than that for Zn-LMOF-202, suggesting that more energy is required for the regeneration of Ba-LMOF-202 (to remove CO~2~ from Ba-LMOF-202) in real systems. We also analyzed how the material would behave in the presence of oxygen. Computationally, oxygen was found to have no impact on the adsorption, which indicates the suitability of M-LMOF-202 for industrial use. All the results clearly indicate that Ba-LMOF-202 is more suitable for CO~2~ adsorption than Zn-LMOF-202 in realistic conditions, which should guide experimental explorations in the future. Furthermore, the approach described here can be used for the design and assessment of the feasibility of a wide range of MOFs as adsorbents for other adsorbates. This approach will be effective in reducing the time required for the experimental design and testing of suitable MOFs, as well as their application-based property optimization.

Computational Methods {#sec4}
=====================

GCMC simulations using RASPA^[@ref32]^ were carried out to obtain adsorption isotherms for M-LMOF-202. The Zn-LMOF-202 structure from Ma et al. was used for the GCMC calculations.^[@ref22]^ Nonbonded interactions between the adsorbates and the framework atoms were calculated using the Lennard-Jones (L-J) potential with a cutoff distance of 12 Å. The Lorentz--Berthelot mixing rules were employed to determine the cross-L-J parameters. The Dreiding force--field parameters (UFF for metal atoms) were used for the framework atoms.^[@ref33],[@ref34]^ The TraPPE forcefield was used to model all the adsorbates.^[@ref35],[@ref36]^ All the parameters are provided in Tables S1 and S2 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf). To calculate the coulombic forces, electrostatic charges on atoms in the MOF were assigned on the entire periodic framework using the charge equilibration (Qeq) method as implemented in RASPA. The pore volumes were calculated using the Widom insertion method. We used equilibration and production periods of 5 × 10^4^ and 1 × 10^5^ Monte Carlo (MC) cycles, respectively. In each MC cycle, adsorbate insertion, deletion, rotation, and translation moves were attempted with equal probabilities. The coulombic interactions were computed using the Ewald method with 10^--6^ Ewald precision and a 12 Å cutoff.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01267](https://pubs.acs.org/doi/10.1021/acsomega.0c01267?goto=supporting-info).L-J parameters for LMOF-202 atoms, L-J parameters and charges for adsorbate atoms, Zn-LMOF-202 and Zn-LMOF-201 structures employed in this study, comparison of simulated and experimental isotherms of CO~2~ adsorption in a rigid Zn-LMOF-201, detailed analytical results of the position of CO~2~ molecules and the interaction energy between CO~2~ and Zn-LMOF-202, snapshots of the GCMC calculation of CO~2~ adsorption in Zn-LMOF-202 at 1 bar and 15 bar, and adsorption amount of the CO~2~ and N~2~ mixture at 1 bar and 298 K ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01267/suppl_file/ao0c01267_si_001.pdf))
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